The clinical and MRI presentation differs between earlier-and later-onset pediatric multiple sclerosis (MS), whereas the effect of age on the CSF inflammatory profile is unknown and may contribute to delayed diagnosis.
In adults, an elevated immunoglobulin G (IgG) index or the presence of CSF-restricted IgG oligoclonal bands (OCB) are biologic hallmarks of MS and thus are included in the diagnostic criteria. 6, 7 When present at the time of an initial demyelinating event, these biologic findings increase the likelihood of a second attack. 8 Because of conflicting studies, it is unknown whether children with MS have a similar CSF profile as adults. The percentage of pediatric MS patients with OCB (8%-92%), an elevated IgG index (64%-75%), or pleocytosis (33%-73%) varies widely between studies. [9] [10] [11] [12] [13] [14] These inconsistencies between studies may be related to timing of lumbar puncture with respect to disease onset, the various age ranges studied, and different techniques used for CSF analysis. In addition, there is limited longitudinal data regarding the CSF profile in children and adolescents with MS.
We hypothesized that earlier-onset pediatric MS patients have a distinct CSF profile, and proposed to compare the CSF IgG and cellular profile in earlier-vs later-onset patients at disease presentation. Identifying a distinct earlier-onset CSF profile may help to guide clinicians in the evaluation of young patients with an initial demyelinating event concerning for MS. Furthermore, the demonstration of these differences may advance our understanding of the specific immunologic mechanisms underlying earlieronset pediatric MS, which may be closer to the biologic origin of the disease. METHODS Patients. The US Network of Pediatric MS Centers of Excellence includes 6 centers across the country that collect common demographic and clinical data (www.nationalmssociety. org/about-multiple-sclerosis/who-gets-ms/pediatric-ms/index. aspx). We identified pediatric patients (aged Յ18 years at onset) meeting criteria for pediatric MS or clinically isolated syndrome according to the current operational definitions, 15 who underwent CSF analysis within the first 3 months of the initial clinical presentation. Patients who met criteria for neuromyelitis optica or acute disseminated encephalomyelitis were excluded. 15 Because it is close to the current age of puberty (Tanner genital development stage 2 for boys and girls) in the United States, 16 we subjectively chose 11 years of age to differentiate earlier-onset (age at onset Ͻ11 years) vs later-onset patients (onset from 11 to 18 years). This cutoff has also been used in our previous work. 5 CSF analysis. The CSF analysis was performed for diagnostic purposes. Data were gathered from chart review. We recorded the CSF white blood cell (WBC) count including differential, IgG index, and number of CSF-restricted IgG OCB. The IgG index was considered elevated when compared with the norms of the labora-tory where the test was performed. OCB was considered positive when 2 or more bands were present in the CSF but not in the corresponding serum. CSF red blood cell count, protein, and glucose levels were also recorded. Patients with traumatic lumbar puncture (Ͼ500 red blood cells/mm 3 ) were excluded. 17 The cellular and IgG characteristics from a repeat CSF analysis performed at least 3 months after the first lumbar puncture were recorded, when available.
Data analysis.
Clinical and biologic data were compared between earlier-and later-onset patients using univariate analyses (t test, Wilcoxon rank sum test, or Fisher exact test as appropriate). Multivariate analysis with adjustment for age, gender, and race was performed using multiple linear regression for numerical outcomes and multiple logistic regression for binary outcomes using SAS version 9.1 (SAS Institute, Cary, NC). The influence of CSF characteristics on the time to second event was analyzed using the log-rank test. To determine whether differences were associated with earlier disease onset per se, as opposed to disease duration or age, we fit regression models adjusting for disease duration or age (linear or quadratic adjustments as necessary) and tested for a remaining effect due to early onset. Missing data are indicated in the tables.
Standard protocol approvals, registrations, and patient consents. The authors received approval from an ethical standard committee on human experimentation for research using human subjects. Written informed consents were obtained from patients, unless the local ethical committee waived the requirement for the investigators to do so.
RESULTS Patient characteristics.
Patient characteristics are presented in table 1. We identified 40 earlieronset and 67 later-onset pediatric MS patients. There was no significant difference between the 2 groups except that CSF was obtained on average 8 days earlier in earlier-vs later-onset patients. Among those followed up for more than 1 year, 67% of earlier-onset vs 77% of later-onset patients had a second episode during the first year (p ϭ 0.70).
Influence of age on CSF analysis at onset. CSF findings are presented in tables 1 and 2. Red blood cell count, protein, and glucose levels were similar in both age groups. Whereas the absolute WBC count tended to be higher in earlier-vs later-onset patients, the WBC differential was strikingly different after adjusting for gender, race, and localization of symptoms at onset (table 2). Earlier-onset patients had a lower percentage of lymphocytes, whereas the percentages of monocytes and polynuclear cells, especially neutrophils, were higher than in later-onset patients. Similar results were found using 12 or 13 years as a cutoff between both age categories (not shown). In addition, these differences were found when analyzing changes for each additional year of age at disease onset (table 2) .
IgG index data were available in 57% of earlieronset and 50% of later-onset cases (table 2). After adjusting for gender, race, and localization of symptoms at onset, earlier-onset patients were less likely than lateronset patients to have an elevated IgG index (35% vs 68%). However, among only patients with an elevated IgG index, the mean IgG index was not different between both groups (not shown). These differences were also found when analyzing changes for each additional year of age at disease onset (table 2) . CSF OCB data were available in 78% of earlier-onset and 67% of lateronset cases (table 2) . Earlier-onset patients were less frequently OCB positive. However, among OCB positive patients, there was no difference in the number of CSF bands between the 2 age groups (median number of bands ϭ 3 [2] [3] [4] [5] [6] [7] [8] [9] [10] in the earlier-onset vs 5 [1-15] in the later-onset group (p ϭ 0.55). There was no significant association between the presence of an elevated IgG index or positive OCB and WBC count, or the percentage of neutrophils or lymphocytes (data not shown).
Other predictors independently influencing the initial CSF findings after adjusting for age included the clinical involvement of the spinal cord at disease presentation that was associated with increased risk of elevated CSF WBC count (odds ratio [OR] 19.8, 95% confidence interval [CI] 2.35-37.26, p ϭ 0.027) and a non-Caucasian racial background that was associated with a higher risk of elevated IgG index (OR 4.2, 95% CI 1.08 -16.1, p ϭ 0.038).
Longitudinal CSF analysis.
Longitudinal follow-up of CSF findings was available in 12 earlier-onset patients (30%) and 8 later-onset patients (12%) (table 3). The mean Ϯ SD time between the first and the second lumbar puncture was similar in earlier-and later-onset patients (584 Ϯ 629 vs 512 Ϯ 436 days, p ϭ 0.77). The total number of white blood cells and the percentage of polynuclear cells (including neutrophils) tended to decrease over time, whereas the percentage of mononuclear cells (including lymphocytes) tended to increase over time, especially in earlier-onset patients. Among patients who had a repeat lumbar puncture, the proportion of those with either elevated IgG index or positive OCB increased from 12% in the first to 38% in the second analysis. This difference did not reach statistical significance (p ϭ 0.34); however, an association cannot be excluded given the limited number of patients. Repeating the lumbar puncture allowed detection of positive OCB in 2 patients who were initially negative (1 in each age group).
At the time of CSF analysis, when comparing the effect of disease duration (time from clinical onset to the lumbar puncture) vs age in earlier-vs later-onset patients (table 4), we found that the percentage of neutrophils was independently influenced by disease duration and age in earlier-onset patients. The influence of disease duration on the IgG profile was milder than the influence of age, and it was similar in both age groups ( days, p ϭ 0.095). In the Cox models, the hazard ratio (HR) for time to second event was longer in patients with neutrophils in the CSF vs those with none (HR 0.52, 95% CI 0.25-1.05, p ϭ 0.068), and not different in patients with elevated IgG index or positive OCB vs those with negative CSF IgG profile (HR 1.17, 95% CI 0.63-2.2, p ϭ 0.62). The HR for time to second event was also decreased by a higher percentage of neutrophils at onset (HR 0.97 per 1% increase of neutrophils, 95% CI 0.95-1, p ϭ 0.048).
DISCUSSION
Our data demonstrate that earlieronset pediatric MS patients have a distinct CSF inflammatory profile at disease presentation compared with later-onset patients. This is in line with their clinical and MRI phenotype specificities at clinical onset. [2] [3] [4] [5] Our data suggest that a biologic profile considered atypical for adult MS (i.e., neutrophilic pleocytosis, normal IgG index, and negative CSF OCB) should not rule out the disease in children, because our patients had a substantial duration of follow-up (table 1) , enabling us to rule out acute disseminated encephalomyelitis (ADEM) and neuromyelitis optica. Besides age at onset, we found an independent influence of disease duration on CSF findings (table 4) . Because the initial lumbar puncture was performed 8 days sooner in younger patients, both effects were cumulative. Of note, the CSF was less often sent out for IgG assessment for the initial lumbar punc-ture in earlier-vs later-onset patients, likely because other diagnoses were considered. This practice of performing IgG index and OCB analysis less frequently in younger patients may also contribute to delaying the diagnosis of pediatric MS, especially when disease strikes before puberty. We showed that the initial CSF cellular profile tends to become more typical of adult MS as the patients age (less neutrophils, more lymphocytes, potential switch from IgG-negative to IgG-positive Abbreviations: LP1 ϭ initial lumbar puncture; LP2 ϭ repeat lumbar puncture; WBC ϭ white blood cells. a The CSF WBC count and differential from LP1, performed within 3 months of disease onset, and from LP2, performed at least 3 months after LP1 in patients with disease onset before age 11 years (n ϭ 12) or after 11 years (n ϭ 8) are presented. Data are presented as mean Ϯ SD for each age group. For each value, the number of patients with available data is indicated between parentheses.
profile). This is consistent with previous limited cross-sectional data showing that positive CSF IgG findings in pediatric MS may be more common in patients undergoing lumbar puncture during their second or third attack compared with the first episode. [11] [12] [13] Thus, repeating the lumbar puncture in younger patients with atypical presentation may help to elucidate the diagnosis. Although positive CSF findings at onset in children are not associated with a worse disability 8 years later, 12 they may have a short-term prognostic role. Indeed, we found that patients with no neutrophils, and likely those with positive IgG profile on their initial lumbar puncture, tended to have a shorter time to second event, suggesting increased disease activity. In adults, the presence of OCB at disease onset was reported to double the risk of having a second attack in a mean follow-up time of 5 months, inde-pendently of MRI findings, 8 but its role in predicting disability remains controversial.
Our findings in earlier-onset patients (neutrophilic pleocytosis, higher percentage of monocytes, absence of IgG in the CSF) suggests a prominent activation of the innate immune system. In contrast, the profile of later-onset patients (lymphocytic pleocytosis, elevated IgG index in the CSF) rather suggests the activation of the adaptive immune system (antigen specific). In children, we hypothesize that the confluent T2-bright signals seen on the initial brain MRI scans of earlier-onset patients may as well correspond to the activation of innate immunity (e.g., edema or activation of microglial or dendritic cells), whereas more well-defined ovoid lesions rather correspond to the activation adaptive immunity. Both age and disease duration were independently associated with the amount of neutrophils in the CSF of earlier-onset patients. Thus, it is possible that an age-related immaturity of the immune system explains these differences, or that the innate immunity is activated before the adaptive immunity in MS in general. This early activation of the innate immune system may be related to a more recent exposure to an environmental potential triggering factor (e.g., first viral exposure). In adults, the CSF neutrophil content is increased in mildly vs severely disabled patients, suggesting a potential involvement of innate immunity during the earlier stages. 18 However, recent adult MS data suggest that it may be involved during later stages as well. 19 Whether this is the case in pediatric MS remains to be investigated.
Our study is limited by the lack of a standardized protocol for CSF analysis, especially regarding the assessment of OCB. In addition, we chose the approximate age cutoff of 11 years instead of the actual age of puberty. However, our data suggest that there is an effect of age regardless of the age cutoff, when age is considered as a continuous variable. Finally, whether there is a difference between patients who had lumbar puncture (with assessment for IgG synthesis or not) vs those who did not was not addressed here. Further large-scale prospective analyses should be conducted to analyze potential correlations between CSF and MRI findings. Finally, the predictive value of the CSF findings on long-term disease course and disability in children with MS remains to be investigated.
OCB and IgG index should be analyzed more often in children with a first acute neurologic deficit, because it could be demyelinating in nature. If initially negative, especially in younger patients who often present with atypical clinical and MRI features at MS onset, CSF analysis should be repeated. Pediatric MS operational criteria may be revised to take into account these distinct features in earlier-onset MS. Further studies of various immune cell subtypes in the CSF may confirm whether our findings are explained by predominant activation of the innate immune system at disease onset in younger patients. Finally, biologic differences between earlier-onset pediatric MS and ADEM patients remain to be investigated, and may help in understanding why the first ones relapse and the others do not.
Figure

Influence of CSF cellular and IgG profiles at onset on the time to second event
The survival curves represent patients with or without neutrophils (A), and with or without CSF-restricted immunoglobulin G (IgG) oligoclonal bands or an elevated IgG index (B) in the CSF at disease presentation. Log-rank test p values are provided for each analysis.
